Abstract-In order to maximize the solar energy harvesting capabilities, power converters for photovoltaic (PV) systems have to be designed for high efficiency, accurate maximum power point tracking (MPPT), and voltage/current performance. When many converters are used in distributed PV systems, power density also becomes an important factor since it allows for simpler system integration. In this paper, a high-power-density string-level MPPT dc-dc converter suitable for distributed medium-to large-scale PV installations is presented. A simple partial power processing topology that is implemented exclusively with silicon carbide devices provides high efficiency and high power density. A 3.5-kW, 100-kHz converter is designed and tested to verify the proposed methods.
I. INTRODUCTION

D
ISTRIBUTED photovoltaic (PV) architectures provide several benefits compared with the central inverter systems, including higher energy yield, higher system availability, design flexibility, and improved monitoring and diagnostic capabilities. For medium-to large-scale commercial and utility PV systems, a string/multistring dc-dc converter topology with distributed maximum power point tracking (MPPT), as shown in Fig. 1 , provides the best cost/performance operating point [1] - [3] . For a distributed system with string dc-dc conManuscript received June 1, 2012; revised August 30, 2012; accepted October 21, 2012 . Date of publication December 20, 2012 ; date of current version March 18, 2013 . This work was supported in part by the U.S. Department of Energy under Grant DE-EE0000572. This paper was presented at the IEEE Photovoltaic Specialists Conference, Austin, TX, June [3] [4] [5] [6] [7] [8] 2012 . This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. References herein to any specific commercial product, process, or service by trade name, trademark, manufacturer or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. verters that are rated at (1.5-6 kW), the estimated gain in energy yield is in the range of 3-9% over a standard central inverter systems [3] . However, the implementation of such distributed system requires high-performance, high-efficiency dc-dc converters [4] - [6] . Because of the high-efficiency requirements, partial power processing converters are often used as a simple way to improve the overall conversion efficiency by directly feeding forward a fraction of the input PV power to the output DC-bus [7] - [16] .
In this paper, a high-efficiency, high-power-density, partial power processing string-level dc-dc converter topology is presented. The proposed transformerless partial power converter feeds a constant voltage dc-bus output, while the controller regulates the input PV string voltage to achieve MPPT. The development process was started by designing, building, and testing a baseline 3.5-kW converter switching at 30 kHz, which was built using 1200-V Si IGBT devices and silicon carbide (SiC) Schottky diodes. This was followed by the design of a second generation of 3.5-kW converters that operate at three times the switching frequency (100 kHz) to improve the power density while maintaining the high efficiency. To keep the same high efficiency as the 30-kHz version, the 100-kHz dc-dc converter topology is built using state-of-the-art 1200 V SiC MOSFETs and SiC Schottky diodes. The impact of increasing the switching frequency on the efficiency as well as on the size of passive components is investigated by comparing the 100-kHz converter performance to the baseline 30-kHz converter.
The converter efficiency is measured, and the weighted efficiency value that is based on the California Energy Commission (CEC) is used as an evaluation metric. Different SiC MOSFETs have been tested, and their impact on the converter efficiency was compared. Furthermore, the effect of SiC MOSFET cost and the viability of its application for solar converters are discussed. 
II. CONVERTER TOPOLOGY
In order to increase the energy yield by distributing the dc-dc converters with individual MPPT controllers, the dc-dc converter efficiency has to be very high (> 98%). A simple approach to achieve this high efficiency is to use partial power processing converters. These converters process only a part of the input PV power to generate the voltage differential between the PV string and the output dc-link, while the rest of the power is directly fed forward to the output. Fig. 2 shows the concept of a partial power processing converter, and Fig. 3 shows what percentage of power is being processed by the dc-dc converter for a given input/output voltage gain. As an example, for a nominal maximum power point string voltage of ∼400 V and a dc bus of 600 V, only one third of the power is processed by the converter, while two-third is directly fed forward at almost 100% efficiency. Therefore, this reduces the pressure on the converter block design without compromising the overall conversion efficiency, which helps to reduce the system cost [17] - [21] .
The proposed power converter is a nonisolated partial power buck-boost topology, as shown in Fig. 4 . The output voltage V out is the sum of the input PV voltage V in and the voltage across capacitor C s (V s ). The converter can be operated as a single-channel or as a multichannel interleaved topology. Voltage gain of the regulated voltage V s at medium to heavy loading conditions [where the inductor current is in the continuous conduction mode (CCM)] is given in (1), which is the conversion ratio of a noninverting buck-boost converter In the discontinuous conduction mode (DCM), the capacitor voltage is given by
where d is the duty ratio, f sw is the switching frequency, L in is the input inductance, and R load is the equivalent load resistance. The operation of the converter is similar to that of a simple boost circuit. The stages of operation over a switching period T s are shown in Fig. 5 and can be summarized as follows.
Stage 1 (0 < t < dT s ): In this stage, the MOSFET S is turned ON, and the inductor current builds up. Capacitor C s delivers energy to the output.
Stage 2 (dT s < t < T 2 ): The MOSFET is turned OFF, and the inductor current is diverted to the diode D. The inductor energy is consequently discharged into the capacitor C s . For continuous conduction mode, T 2 = T s , and the cycle ends at this stage.
Stage 3 (T 2 < t < T s ):
This stage occurs in the case of the DCM. In this mode, the power is transferred from the input and output capacitors to the output. It is also worth noting that during this mode of operation, resonances can occur between the input inductor and the device capacitance. The DCM operation leads to zero current turn-on of the MOSFET, thus reducing the turn-on losses at light loads. Fig. 6 shows the timing diagram and key idealized converter waveforms for a single-channel converter. The grid tied inverter is used to regulate the dc-link voltage which is based on its modulation index. Double-line frequency oscillations (100 Hz/120 Hz) are considered too slow, and thus, the dclink voltage is treated as constant over the 100-kHz switching cycle. Since the output voltage is held constant by the inverter stage, the input voltage and the voltage across capacitor C s continuously add up to equal the dc-link voltage. Using multiple interleaved channels reduces the high-frequency voltage ripple on capacitor C s , and, consequently, helps to fix the input voltage V in at the maximum power operating point.
A baseline 30-kHz design that uses Si IGBTs and SiC Schottky diodes has a weighted efficiency of 98.22%. The weighted efficiency is based on the CEC efficiency formula [22] η CEC−weighted = 0.04 η 10% + 0.05 η 20% + 0.12 η 30% + 0.21 η 50% + 0.53 η 75% + 0.05 η 100% (3) where η x % represents the efficiency at x% of the converter-rated power.
In order to reduce the current ripple at the input, interleaved converter legs can be used as shown in Fig. 4(b) , where the two channels are switched 180
• apart. Furthermore, the interleaved converter can be used to improve the light-load efficiency by switching only a sufficient number of channels (when topologies with more than two input channels are used) that correspond to the power level processed by the converter.
In a PV farm, multiple converters can be connected in parallel to feed a grid tied dc-ac inverter as shown in Fig. 7 . In this case, the distributed dc-dc converters are responsible for MPPT of their respective PV string(s), and the inverter maintains a stiff dc bus and handles other grid requirements such as total harmonic distortion compliance, ride through, etc. High-powerdensity converters can, therefore, be attractive for their simplicity of integration with the PV strings without the need for large enclosures.
III. BENEFITS OF AN ALL-SILICONE CARBIDE CONVERTER
Many power converters are now designed with commercially available 600-, 1200-, and 1700-V SiC Schottky diodes to eliminate losses due to reverse recovery currents and thus improve the converter efficiency. Recent progress in SiC materials' development, processes, and fabrication has led to the availability of 1200-V SiC MOSFETs with current rating on the order of 10-50 A from different sources such as Cree, GE, and Rohm. Improvements in substrate and material quality coupled with the process improvements (especially in the oxide interface) have improved the device reliability and robustness. The low forward drop of these MOSFETs due to their low on-state resistance R dson (∼120 mΩ R dson at room temperature for 1200 V, 15 A parts typical) and their very low switching losses (switching times on the order of tens of nanoseconds) lead to significant reductions in converter losses and hence to significant increases in efficiency. While these parts are currently enclosed in TO-247 packages, they can operate at much higher junction temperatures, hence reducing the need for active cooling. The low switching and conduction losses, higher energy bandgap, and higher carrier mobility of the SiC material allow for a threefold increase of the switching frequency when compared with Si-IGBT-based converters of comparable voltage and power ratings (in the 30-100 kHz range) while maintaining the same efficiency, if not slightly higher [23] - [27] .
The use of SiC MOSFETs provides several benefits compared with ultrafast Si IGBTs. Therefore, replacing the Si IGBT switch in the converter in Fig. 4 with a SiC MOSFET enables a significant increase in converter power density by increasing the switching frequency. Fig. 8 shows the calculated reduction in passive component values compared with the baseline converter when the switching frequency is increased. Furthermore, the loss breakdown for the proposed converter shows that more than half of the losses are due to device the switching losses. Therefore, replacing the Si IGBT with the SiC MOSFET significantly reduces total losses across all operating voltages, and thus, the overall weighted efficiency can be improved by more than 1% at the same switching frequency. Fig. 9 shows a comparison of the loss breakdown values for the 3.5-kW partial power dc-dc converter switching at 30 kHz and built using Si IGBTs versus the equally rated converter designed using SiC MOSFETs. The values that are shown in Fig. 9 were simulated using detailed device models and at different input voltage levels. The losses are reduced to less than half of their original value when SiC MOSFETs are used, due to the dominance of switching losses in the IGBT-based converter. Fig. 10 presents losses for the 3.5-kW SiC-based partial power dc-dc converter as the switching frequency is increased. It can be concluded that a switching frequency greater than 100 kHz can be reached, while matching the same losses as in the baseline 30-kHz Si-IGBT converter.
Based on Fig. 8 , a 100-kHz design results in a 66% reduction in inductor size and a 60% reduction in the output capacitor size when compared with the 30-kHz design. Thus, the power density can be more than double while achieving the same efficiency and an improved control bandwidth due to the faster switching. Furthermore, the reduction in the size of passive components leads to a 40-50% reduction in the passive component cost. While the SiC MOSFETs are still more expensive than Si IGBTs, their cost is gradually coming down with the increased market penetration. The 1200-V SiC MOSFET parts are now commercially available, and they cost $1/A to $1.5/A. Compared with Si IGBTs, the SiC MOSFETs cost is almost four to five times higher. While this will impact the overall cost of the converter, it is expected that the SiC parts cost will come down substantially as the technology matures and gets adopted. A cost analysis of the 3.5-kW Si IGBT/SiC Schottky diode converter was performed and, based on the expected energy yield increase [3] , the system net present value analysis is positive. While this may not be the case with the all-SiC version, it will reach it once the cost of SiC MOSFETs is on the order of two times the cost of Si IGBTs. As the SiC wafer technology matures and as the device yield increases, it is expected that the cost of SiC MOSFETs will continue to decrease, reaching the two times Si IGBT cost mark by 2015 [28].
IV. EXPERIMENTAL RESULTS A 3.5 kW, all SiC string-level MPPT dc-dc converter with components that are listed in Table I was built and tested. Different values for passive components were used, and performance at switching frequencies of 30, 60, and 100 kHz was studied. Converter efficiency with 1200-V SiC MOSFETs from three different sources was evaluated. The reduction in board size due to the increase of the switching frequency from 30 to 100 kHz is shown in Fig. 11 . The 100-kHz converter has twice the power density (37 W/in 3 ) compared with the 30-kHz board (18 W/in 3 ). This is very beneficial in simplifying the installation, since such a small size converter can be directly connected to the PV string or on a dc rail, instead of being placed in a string combiner box. Figs. 12 and 13 show the switch, diode, and inductor currents at 50% and 10% of full load, respectively. In Fig. 12 , the inductor is operating in CCM, while in Fig. 13 , at light load it is operating in DCM, which explains the resonance between the inductor and device capacitance as can be observed by the oscillations in current and voltage waveforms.
Interleaved inductor currents are shown in Fig. 14 along with input and output voltages for a converter operating at rated input PV power. Fig. 15 shows the measured efficiency of the converter at different switching frequencies with both channels switching at predefined input power levels [according to (3) ]. An average weighted CEC efficiency of 99.1% was obtained at 30 kHz (a 1% average gain over the baseline topology), and an average weighted efficiency of 98.34% was obtained at a switching frequency of 100 kHz. In Fig. 16 , the switching of the interleaved converter channels is controlled based on the power level input to the converter. For power levels less than 50% of the rated power, only one channel is activated; otherwise, both channels are allowed to switch. This improves the light-load efficiency shown by the dashed lines at different voltage levels. The weighted efficiency according to (3) is 98.34% if both channels are switching all the time and this efficiency increases by ∼0.19 -98.53% with the controlled switching that is based on input power level.
Finally, a comparison of the weighted efficiency of the converter using SiC MOSFETs from three different sources is presented in Fig. 17 . The efficiency measurements vary within 0.13%, which is a good indication of the maturation and uniformity of the device technology, and thus, the expected availability of high-performance SiC MOSFETs at low price points in the near future, making them a viable option for PV converter/inverter designs.
V. CONCLUSION
A high-frequency, high-power-density all-SiC dc-dc partial power converter is proposed for distributed PV architectures. The use of an all-SiC converter significantly reduces switching losses, which enables the higher frequency operation. The smaller converter is easier to connect directly to the string or to the mounting rail, and the capability of the SiC converter to operate at higher temperatures improves the reliability and makes the converter more suitable for outdoor operation in harsh environments.
As the SiC technology matures, the cost of SiC devices will progressively drop, and the devices will become more readily available from many sources, which makes this technology very attractive for PV applications.
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